Introduction
This research was initiated in order to obtain an analytical expression providing a numerical quantification of the time effect of the influence of the wind and resistance of the medium on the final time of the 100 m run, although the International Association of Athletic Federations (IAAF) is not officially recognizing such quantification yet. The interest for such mathematical models dates back to the beginning of the 20 th century. It begins with the pioneering works of Meade (1916) , Hill (1925 Hill ( , 1928 , after whom there comes Keller (1974) who used a differential equation to describe a model for determining the velocity during the run, under the assumption of the constant muscle force in a 100 m sprint. Later, the model was extended to include the effect of the wind (Dapena and Feltner, 1987; Ward-Smith, 1985 , 1999 Prichard, 1993; Behncke, 1994) . In addition, Linthorne (1994) performed a comprehensive statistical analysis of the wind effect on 100 m time performance. Mureika (2001 Mureika ( , 2003 presented a quasi-physical model based on a system of coupled differential equations with modification for drag effect, wind effect and velocity included. In our approach, we used the polynomial model for the distance vs time combined with the solutions of the algebraic cubic equation.
Time effect of the wind influence implies that the wind blowing during the race into sprinters' back (tail wind) contributes to a decrease, and in the case of a frontal blow (head wind), to an increase of the final time tf of the run. The increase of the final time for the head wind is Journal of Human Kinetics -volume 66/2019 http://www.johk.pl larger than the corresponding decrease of the final time in the case of the tail wind. In order to quantify the time effect of the different wind velocities on final time of the run of a particular sprinter, let us hypothetically assume that the run occurs under the condition of zero wind velocity: w=0. During the run with w=0, the velocity of the sprinter with respect to the ground is the same as the velocity with respect to the air (medium). In such a case the final time equals t0. In the case of wind presence (w ≠ 0), it equals tf which is lower than t0 for +w (tail windcommon convention) and higher for -w (head wind). The time effect Δt affecting the final time is defined as Δt =t0 -tf, with Δt ≥ 0 for the tail wind, and Δt ≤ 0 for the head one. The data on the final time and velocity of the run, together with the wind velocity assumed to be constant during the run can be found in the official reports of the IAAF. (We are aware of the fact that the assumption of the constancy of wind velocity, both in the value and in direction is just an approximation justified by the idea that at such short distances, the variations of the wind velocity can be neglected.)
IAAF recognizes the final time as a record if it is achieved with the tail wind velocities up to 2 m/s, although, in the work of Janjić et al. (2017) it was demonstrated by the plausible results that the limit for w should be 1 m/s, Obviously, one needs a numerical relationship between the above mentioned quantities. The aim of this paper is to offer a mathematically correct and plausible answer. Another argument in favour of producing quantified value for the time effect Δt is that although its values often seem negligible, they actually are not, but must be used as the correction term for the final time tf.
Since the same final time can be achieved by different sprinters under various wind velocities and resistance of the medium, it turns out that the final time is not always the reliable single factor of the placement. This is confirmed by the following three examples (IAAF, 2017) which unambiguously indicate that the ranking list demands a correction of the measured final time with quantified time effect of the wind influence.
Bolt's 100 m run in Bruxelles (2008) that ended with the recorded final time tf = 9.77 s and with the head wind velocity w = 1.3 m/s was ranked at the 9 th place in the world ranking. If we perform the correction of the final time using the time effect, which according to our calculation rounded to two decimal digits equals 0.02 s, new corrected final time of the run would be tf = 9.77-0.02 = 9.75 s. The corrected time result would move Bolt from the 9 th to the 5 th place, 4 places ahead.
Tyson Gay ran 100 m in Shanghai in 2008 in a final time of tf = 9.69 s with tail wind velocity w = +2 m/s. He was ranked in the second place of the world list. If, however, the correction of the final time had rounded to two decimal digits due to the estimated time effect, the new corrected final time of the run would have been tf = 9.69 + 0.04 = 9.73 s. With this correction, Gay would have moved from the 2 nd to the 4 th place of the world ranking.
Asafa Powell achieved in 2007 in Rieta, with no wind (w = 0 m/s), a 100 m final time of tf = 9.78 s. Powell was 16 th on the ranking list. If there had been a correction for the influence of wind velocity and resistance of the medium, Powell would have been ranked 9 th , since sprinters classified at higher positions in the ranking list were running in the presence of a tail wind.
Three aforementioned examples, chosen among many others, indicate that the single factor deciding about the placement of the sprinter in the ranking list was the recorded final time of the run.
For the sake of testing the theory and demonstrating the necessity of the quantification of time effect of the influence of the wind velocity and resistance of the medium on the final time, we shall apply our analysis to the results of top sprinters -male: Lewis, Green and Bolt, and female: Griffith-J, Ashford, Drechsler.
Methods
The present work was conformed with the Ethical Code of the Research of the University of Novi Sad.
In order to quantify the time effect of the influence of the wind velocity and the resistance of the medium on the final time in the 100 m run ("time effect", further on) we started from the general solution of the following differential equation:
© Editorial Committee of Journal of Human Kinetics with: m -sprinter's mass, F(t)= F -constant force of the sprinter (Doder et al., 2012; Janjić et al., 2016) , kv -force of the resistance of the medium, k -coefficient of the resistance of the medium (air), lw 2 -force of the wind influence, w -constant wind velocity colinear with sprinter velocity, lcoefficient of the resistance of the medium with wind, which according to common practice we took equal for all sprinters l = 0.3 kg/m (Helene and Yakachita, 2010) .
The solution of the equation (1) (Keller, 1974) with the initial condition for t = 0, v = v0, is the function:
The distance covered in time t is obtained by integration of (2), S = ʃvdt with initial condition S = 0, t = 0
According to (2), the velocity has two limiting values: for t = 0 and t →∞, and no maximum, which contradicts the measurement data, so the expression (2) must be adapted to conform with this fact. This is achieved by expanding the expression into Taylor' series:
so that the velocity is expanded up to the square of time and the distance up to the third power (Janjić et al., 2014 (Janjić et al., , 2016 (Janjić et al., , 2017 . Substituting this expansion into the expressions (2) and (3), we obtain:
Introducing three positive coefficients P1, P2 and P3 in the following way:
the expression (5) can be represented as a third order polynomial expression with no constant term, i.e.
= + − (7)
One can notice from (6) that the coefficient P2 depends on the wind velocity w and can be rewritten as:
The coefficient P2 (0) describes the wind-free (w = 0) situation. The expression (8) relates the results obtained with and without the wind allowing us to use the results obtained from the fit for one wind velocity to predict the results that would be obtained under the conditions of another wind velocity. As for the coefficient P3, there exists one important relation according to (6), the ratio P3 /P2:
independent of the wind velocity. If we know the sprinter's mass, it allows the evaluation of k. Using the least square fit for the equation (7) with measured segment data for S and t for a particular run, it is possible to obtain an analytical expression for S = f(t). In this study we used the program Mathematica 9. The coefficients accompanying t, t 2 and t 3 , provide numerical values of the coefficients P1, P2 and P3, respectively. Equation (7) (for fixed value of S = 100 m) is the algebraic cubic equation (for the final time of the run) with real coefficients. There may exist either three real roots (solutions) or a single real and two mutually complex conjugated ones. However, if we know in advance that all the roots are real, finding the solutions is simplified (Tignol, 2001) . One way of knowing it is to represent graphically the right hand side of the equation (7) and look for the intersections of the curve with the horizontal line corresponding to S = 100 m. It can be seen that there are three intersections corresponding to real roots. One root corresponds to the negative time region, while the other two correspond to the positive one. The positive one with the lower value can be assigned to the final time of the run.
Once we know that the roots of the cubic equation are real, we can apply the so called Tschirnhaus-Vieta approach (Tignol, 2001 ) to obtain all three real roots, and it can be shown by the direct substitution of the measured values that Journal of Human Kinetics -volume 66/2019 http://www.johk.pl out of the three possible solutions for time, only one corresponds to the realistic situation. In this way we obtain the expression for the final time with explicit dependence on the wind velocity included. The coefficients k and P2 (o) describe the dependence on the resistance of the medium.
It is also convenient to reformulate the expression (4) for the sprinter's velocity v.
One can notice that equation (11) includes the polynomial coefficient P2 already expressed as the sum of the term independent of wind velocity P2 (o) and the term depending on the wind velocity. The following procedure is proposed. One starts from the value of the coefficient P2 obtained from the fit to data measured under the conditions of the particular wind velocity w1. Then, using (8), i.e. subtracting the lw1 2 /2m term, one evaluates P2 (o) . Now, substituting it back into (8), one can obtain P2 for any wind velocity. With these coefficients, one can predict the value of the final time for any wind velocity w, i.e. derive the correction term. This is the basic advantage of using the polynomial model for the description of sprinting velocity and final time of the 100 m run.
Results
In order to test the above presented theory, we started from the results achieved by the top male sprinters, i.e. Lewis, Green and Bolt, and top female sprinters: Griffith-J, Ashford and Dechsler. Values for t and S in 10 m segments during a 100 m run for these sprinters according to the IAAF data are provided in Table 1 . We also supplied the mass of each sprinter and the wind velocity for the particular run.
Using these data for t and S, least squares fit of the polynomial expression (7) was performed using program Mathematica 9. Fit produced the polynomial coefficients P1, P2 and P3, respectively, defined by the expression (6); please notice that P1 = v0. Explicit values for the coefficients P1, P2 and P3 with corresponding statistical data for each particular sprinter, rounded to three decimal digits are presented in Table 2 together with the values of necessary variables P2 (0) and k.
We would like to mention that the values of the coefficients are slightly different from the ones appearing in our previous works (Janjić et al., 2014 (Janjić et al., , 2016 (Janjić et al., , 2017 due to different accuracy of the present fitting with respect to the one used for fitting in previous papers. However, all the conclusions are independent of these differences.
Starting from expression (10) which is the analytical form of the final time tf and data from Table 2, following the above described procedure we calculated the hypothetical final time for the 100 m run with no wind w = 0, and for various values of both tail (+w) and head (-w) wind in the range ±1 -±10 m/s. The difference between values of the final times to (w = 0) and tf for varying wind velocities (+w and -w in the given range) provides quantified values of the time effect Δt of the wind and the resistance of the medium influence on the final time of the run. The results obtained for both male and female sprinters are presented in Table 3 and we can clearly see that there appears a quantified time effect giving plausible results.
Another justification of the correctness of the presented analysis can be seen from the plot of the final time of the 100 m run vs wind velocity (Figure 1) , for the particular case of Bolt. The curves are plotted as the analytical functions given by the equation (10).
The shape of the curve in Figure 1a is a convex one showing that with an increase of the tail wind velocity +w, final time decreases as expected, implying the increase of sprinting velocity. The concave shape of the curve ( Figure  1b) indicates that the increase of the absolute value of the head wind -w increases the final time while decreasing sprinting velocity. Figure 2 shows the plots of the dependence of sprinting velocity v of Bolt in the time t, for various wind velocities in the range 0, ±1…±10 m/s. The curves do not intersect, yet they become shorter (shorter running time) with increasing maximal velocity so that the area under © Editorial Committee of Journal of Human Kinetics the curve is preserved. (One test of the correctness of the procedure is the integration, i.e. the calculation of the area below the curves, which always equals 100 m). Their maxima occur for the same time tmax, while the values of maximal velocity vmax for + w increase along with wind velocity and the opposite behavior occurs for the head wind -w. The fact that the moment of achieving maximal velocity is independent of wind velocity is a peculiarity of our polynomial model. Since the velocity is a quadratic function of time (11), it is easy to derive the time for which the velocity reaches its maximum tmax = P2/3P3, in our particular case equal to tmax = m/k. Substituting tmax into (11), we see that the maximal sprinting velocity follows a simple quadratic dependence on wind velocity :
Table 1 Segment times for selected six top sprinters in the form (t[s], s[m])
Male: 
Discussion
The question of the quantification of the effect of the wind velocity and the resistance of the medium on the sprinter's velocity and final time of the 100 m run is an important one, especially in sprinting and other athletic disciplines, where the world ranking depends only on the result measured without any correction as the final time reached during a particular competition. Since the same final time can be achieved by different sprinters under various wind velocities and resistance of the medium, it turns out that the final time is not always the reliable single factor of the ranking. This is illustrated by the three examples discussed in the Introduction section of the paper.
These examples indicate that the single factor deciding about the ranking of the sprinter was the recorded final time of the run. Therefore, we would like to draw the attention of IAAF authorities, as well as other national athletic associations to the evident problem of nonexistence of the corrected ranking list of final times, a problem to be considered in order to enable the objective evaluation of the achievements in athletics. In our opinion, it is sufficient to apply the above described procedure using a simple algebraic expression to calculate the theoretical final time tf depending on various wind velocities ± w and resistance of the medium at the 100 m run.
A discussion between experts has been carried out about the effect of the wind velocity and resistance of the medium on the final time of the 100 m run and besides an intuitive estimate that the tail wind up to 2 m/s improves the result, various numerical estimates of the time effect appear: 0.09-0.14 s (Mureika, 2003) , 0.19 s (Spiegel and Mureika, 2003) or on average about 0.1 s. However, our results of the time effect for male sprinters (Table 3) give much lower values for +w up to 2 m/s. From our point of view, these lower values are realistic, since the wind up to 2 m/s (7.2 km/h) according to the Beaufort scale corresponds to the breeze which is comparable with the pedestrian velocity (1.6 m/s, 6 km/h) or velocity of a trained mountaineer (2.8 m/s, 10 km/h). It indicates that this wind exists, but it is energetically insufficient for a substantial influence on the final time. Yet we encounter a completely different situation for female sprinters (Table 3 ) whose run occurred with the wind velocity of 3 m/s (10.8 km/h). The results were not accepted for record purposes (w > 2 m/s), and it is obvious that a much stronger effect of wind velocity on the final time occurred. These two examples lead to the conclusion that the estimate of the improvement of the final time for wind velocity to 2 m/s of 0.1 s is too large and corresponds better to the wind velocities higher than 2 m/s. This conclusion is supported by the results concerning both the effect of the tail wind velocity on increasing the final sprinter's velocity (as calculated from (12)) and quantified time effect on decreasing the final time of the 100 m run (Table 3 ). According to these results, the relative effect of the tail wind with velocity w = +1 m/s on increasing the final sprinter's velocity and thus decreasing the final time of the 100 m run for all studied sprinters is of the same order of magnitude of 10 -4 . This almost equals the wind effect, does not introduce any advantage for the wind velocity of + 1 m/s, neither by an increase in the final velocity, nor by a decrease in the final time. However, for the wind velocity of +2 m/s, the relative effects are in the range of 10 -4 -10 -3 so they are less suitable for the allowed boundary of the wind velocity than w = +1 m/s.
Looking at the top sprinters' results, in the 100 m run (probably in other events as well) the tail wind up to +1 m/s produces approximately equal small relative effect both in increasing the final velocity and in decreasing the final time of the run. This is why, in our opinion, the IAAF should accept the results for the records only if achieved with the tail wind velocity up to +1 m/s, since these are results reached by athletes without practically any external influence. It is best confirmed by the fact that U. Bolt under the wind velocity of +0.9 m/s achieved the world record in the 100 m run with the final time of 9.58 s. The effect of wind velocity of 0.9 m/s is energetically negligible, so it is the result of a superior athlete. If the limit remains +2 m/s, then a correction of the final time should be performed in the manner similar to the one described in our work.
Finally we would like to comment on the discrepancies between our results for the final time with respect to the measured ones which are within the error margins and results from the least squares fitting method applied. It minimizes © Editorial Committee of Journal of Human Kinetics the sum of the squares of the deviations between the measured values and fits the curve at all points while it is known that very often the final points are poorly reproduced. However, the methods which fit boundary points correctly do not reproduce the middle part of the curve properly, so they would give us poor values for the velocities.
Conclusions
The aim of this study was to offer a simple mathematical expression allowing to evaluate the time effect, i.e. the dependence of sprint time on wind velocity and air resistance. In this way, not only the results at competition can be treated in a different manner (as demonstrated using the results of the top sprinters), but also any coach can analyze this effect during training. Since the approach is applicable in various ways, and with improving mathematical software, it can be the subject of wide use in athletics.
